Introduction
Platinum-rhodium alloys can be used under high chemical, mechanical and thermal loadings due to the high melting point of platinum (1770ºC), and its exceptional corrosion and oxidation resistance up to high temperatures. The creep strength of platinum materials is improved by solid solution hardening and/or by oxide dispersions (1) . For strengthening by solid solution the elements rhodium and iridium
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are added. Besides the hardening effect, the melting point is also raised. A fi ne dispersion of oxide particles in the metallic matrix may also improve creep strength (2) (3) (4) (5) .
Most platinum fabricators offer oxide dispersion strengthened platinum alloys (ODS alloys). The production of ODS alloys is based on various principles. Several authors (4, 6) describe the mechanical alloying of platinum powder with zirconia and/or yttria powders. A wet chemical coprecipitation of a platinum and zirconyl chloride powder can also produce a fi ne metal ceramic powder mixture (7) . In both cases a subsequent powder metallurgical processing results in semi-fi nished products.
An alternative preparation route to disperse fi ne oxide particles is the internal oxidation of a platinum alloy containing elements with a high oxygen affi nity (8) . However, the complete internal oxidation of semi-fi nished platinum products was long considered to be unlikely because of the limited solubility and diffusivity of oxygen in platinum. Hence, the internal oxidation of semi-fi nished platinum products would require very long times for the heat treatment which would involve strong grain growth in the inner and not yet oxidised material as well as oxide formation at the grain boundaries. Both effects are considered to cause brittleness. To overcome these diffi culties the volume of the oxidised material is reduced, and measures to accelerate the internal oxidation are taken. A possible manufacturing route is the internal oxidation of powder or turnings of Pt-Zr alloys in air and again a subsequent powder metallurgical processing to semi-fi nished products (9) . Fine liquid drops of a platinum alloy with reactive constituents may already be internally oxidised during a spray process of the molten alloy in a cold mould in an oxidising atmosphere (10) . The ingot is then worked down to products like wires or sheets. Thin foils of a Pt-Zr alloy can be internally oxidised reasonably quickly at higher temperatures in air. A stack of these thin internally oxidised foils can subsequently be welded together to form sheet material by hot rolling (11) .
W. C. Heraeus GmbH developed a family of ODS platinum materials called DPH. In a fi rst production step zirconium, yttrium and cerium are added to a platinum melt in elemental form and the molten alloy is cast to ingots. During a subsequent operation semi-fi nished products, like sheets, tubes and rods, are annealed in an oxidising atmosphere leading to the internal oxidation of the bulk platinum alloy. The internal oxidation leads to the formation of fi nely dispersed oxide particles of the elements with high affi nity for oxygen, i.e. Zr, Y and Ce (12, 13) . The fundamental differences to the internal oxidation processes described above are that large volumes of semi-fi nished platinum parts are internally oxidised in short times and no powder metallurgical processes are involved.
These DPH materials overcome the disadvantages of previously known ODS materials produced by powder metallurgy, for example the diffi culties in fabrication, especially in welding, and their limited ductility (14) . Furthermore these materials show a great improvement of the creep properties in comparison to the solid solution hardened Pt-Rh and Pt-Ir alloys (14) . This is remarkable, since the mean particle size, as known so far, is bigger than that obtained via the powder metallurgical route and exceeds the value for optimal strengthening given by Bürgel (15) . The mechanism of strengthening by oxide particle dispersion is the interaction between particles and dislocations as discussed in the present paper (1, (16) (17) (18) (19) (20) . The Pt-5%Rh DPH alloy was developed as an alternative material to the widely used Pt-10%Rh DPH alloy mainly for applications in the glass industry as fi bre bushings, plungers and stirrers with reduced Rh content, due to the steadily increasing Rh price (21).
In this work we focus on the investigation of creep deformed Pt-5%Rh DPH sheets using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to study the strengthening mechanisms.
Experimental
The material investigated was Pt-5%Rh DPH produced by Heraeus and containing up to 1 wt% Zr, Y and Ce (13) . The creep specimens were wire cut from a 0.87 mm thick sheet which had undergone a standard thermomechanical fi nishing process. Creep tests were carried out at 1600ºC under a load of 5 MPa in air using a tensile creep test device developed in-house (22) (23) (24) . To analyse the microstructure and especially the evolution of the dislocation structure, the creep tests were interrupted after different time periods. TEM samples were prepared from the crept specimens by mechanically grinding and successive electrochemical twin-jet polishing with a dilute aqueous potassium cyanide solution at 18ºC and 30 V until a hole appeared in the sample.
All SEM images were acquired using a ZEISS 1540EsB CrossBeam ® workstation. The particle size distribution was determined from SEM images of the ground and polished TEM samples, where at least ten images with an average number of 170 particles per image were measured. The area fraction method was used.
All TEM investigations were carried out with a ZEISS Libra 200 FE equipped with an OMEGA energy fi lter. Measurements using energy fi ltered transmission electron microscopy (EFTEM) (25) were performed to investigate the local distribution of elements. This method is based on electron energy loss spectroscopy (EELS) in combination with imaging in the TEM using inelastic processes of inner-shell electron excitations. The advantage of EELS and EFTEM measurements is the high spatial resolution of below 1 nm and high energy resolution of about 1 eV (26, 27) .
Results

Tensile Creep Testing
The fi rst specimen ruptured after 17 h creep at 1600ºC under a load of 5 MPa in air (Figure 1) . On the basis of this creep curve, it was decided to perform additional creep tests and interrupt these (fast cool down under load) after 1 h and 8 h respectively in order to investigate the change in the microstructure.
The observed decrease in strain after about 1 h during the 1 h and 17 h creep tests was thought to be due to poor temperature control. A change in the specimen surface caused a variation of its emissivity. Because a pyrometer was used, the actual temperature of the specimen was therefore higher than measured in the early creep stage, leading to thermal strains which add to the creep strains shown in Figure 1 . The temperature control of the sample interrupted after 8 h creep deformation was more accurate, so that no thermal strains were added during the fi rst creep stage. Specimens of the ruptured sample and the sample interrupted after 8 h high temperature creep were used for TEM analysis.
SEM Investigations of the Oxide Particle Distribution
The oxide particle distribution is important for the high temperature strength properties (16) . This includes both the location and size distribution of the oxide particles. Due to the thermomechanical fi nishing process the microstructure consists of elongated, aligned grains with an average grain aspect ratio of 5 (Figure 2(a) ). In Figure 2 (b) the local distribution of the oxide particles is shown. Large oxide particles are primarily situated at the grain boundaries, whereas fi nely dispersed particles can be found inside the grains. This can be traced back to the production route of internal oxidation, as the oxygen solubility and the nucleation rate is higher at the grain boundaries than inside the grains (28) . Figure 3 shows the size distribution of particles (particle count) inside the grains for Pt-5%Rh DPH in the as received condition. The oxide particles inside the grains show a bimodal size distribution. The maximum of 60% for the particles smaller than 150 nm falls in the range between 25-50 nm with an average diameter of 49  22 nm. Particles with diameters smaller than 25 nm can hardly be resolved in the SEM and are therefore neglected in the description of the particle size distribution. For particles larger than 150 nm, 65% have diameters between 150-300 nm and the average diameter is 315  34 nm. The average particle diameter increases to 342  26 nm for the ruptured sample after 17 h creep deformation, but is within the scatter of the measurements. The initial average size of oxide particles is therefore smaller than for the Pt DPH alloy reported by Vorberg et al. (29) . Particles with diameters smaller than 25 nm could not be found either on SEM or on TEM micrographs of Pt-5%Rh DPH in the as received condition. However, particles with diameters of 25 nm are present in the ruptured sample and contribute to the strengthening of the Pt-5%Rh DPH alloy, as shown in the following section. Sma ll particles are invisible under the two-beam bright-fi eld (BF) condition, but can be resolved under weak-beam dark-fi eld (WBDF) conditions ( Figure 5 ). The reason is that under weak-beam conditions the thickness of dislocation lines is smaller and the contrast is higher, because only the part of a dislocation with the biggest strain fi eld (the dislocation core) contributes to the contrast (31, 32) . Thus the weak-beam 2 m
Fig. 4. S canning TEM image of low angle boundaries of the Pt-5%Rh DPH sample interrupted after 8 h creep deformation
method is a useful tool to investigate the interaction mechanisms between dislocations and particles (33) .
Strong bowing of dislocations around oxide particles with diameters of less than 50 nm is observed in Pt-5%Rh DPH after 8 h high-temperature creep, indicating a pinning of dislocations at the incoherent interface between matrix and particles (positions A in Figure 6 ). Dislocations obviously do not shear these incoherent, medium sized particles but climb over them (Figure 7(a) ), followed by backside pinning at the interface between matrix and particle (Figure 7(b) ). According to Arzt and Rösler (34, 35) , the detachment of the dislocation from the particle is the decisive step slowing down dislocation movement, hence increasing creep strength. Bypassing of the particles by the Orowan mechanism (15) is not seen.
The pinning of a dislocation on the backside of an oxide particle with a diameter of less than 10 nm immediately before being detached is clearly resolved in the WBDF image of Figure 6 at position B. This indicates that the dislocation is immobilised by an attractive force after completing the climb process over the particle. Additional energy is therefore required to detach the dislocation from the matrix/ particle interface, contributing to the creep strength of Pt-5%Rh DPH (35) . A particle of less than 10 nm in diameter, not connected with a dislocation, can be seen at position C in Figures 6(a) and 6(b) . To prove that the bright areas in WBDF images and the corresponding dark areas in BF images with diameters in the range of 10-25 nm are particles, EFTEM measurements were carried out. The EEL spectra of investigated by Nardone et al. (37) confi rm the strengthening mechanisms observed in the examined Pt-5%Rh DPH alloy.
Conclusions
The Pt-5%Rh DPH alloy shows an elongated grain structure after the thermomechanical fi nishing process. Scanning electron microscopy reveals oxide particles of diameters larger than 1 m at grain boundaries. In the as received condition a bimodal particle size distribution is found inside the grains. The average particle diameter of the initial state is 315 nm and remains almost unchanged after high temperature creep deformation for 17 h. This observation is in contrast to measurements carried out by Vorberg et al. (29) in Pt DPH, where the average particle diameter increases from 400 nm to 550 nm after 10 h creep deformation at 1600ºC. Particles with diameters of less than 25 nm could not be found in the alloy as received. However, imaging and electron spectroscopy analysis clearly demonstrates that oxide particles of less than 25 nm in diameter are present in the alloy after 8 h and 17 h creep at 1600ºC. Hence this very fi ne fraction of oxide particles evolves during creep and interacts with dislocations, hindering their movement through backside pinning.
Various mechanisms slowing down creep deformation of Pt-5%Rh DPH at 1600ºC have been confi rmed. It has been shown that dislocations interact with oxide particles of all sizes as follows:  Dislocation pile-ups forming low angle grain boundaries are found at oxide particles with diameters above about 500 nm.  Dislocations organised in forests are pinned at the surfaces of oxide particles in the range of 150-500 nm.  Medium sized oxide particles around 50 nm force non-conservative dislocation climb followed by backside pinning.  Kinked dislocations indicate that very small particles below 25 nm also pin dislocations.
The observed dislocation interactions with oxide particles of all size ranges are in general agreement with observations in Pt DPH (29) . However, the stress to rupture of the Pt-5%Rh DPH alloy during creep testing at 1600ºC is higher than values measured for Pt-10%Rh, Pt DPH and Pt-5%Au DPH (38) . In comparison to Pt DPH, the higher creep strength is believed to originate from a larger fraction of oxide particles with diameters of less than 150 nm in Pt-5%Rh DPH than found in Pt DPH (29) . In general, the observed strengthening mechanisms by the oxide particles of different size ranges lead to the deceleration of creep deformation of Pt-5%Rh DPH at 1600ºC compared to pure Pt and solid solution strengthened Pt-5%Rh and Pt-10%Rh.
